"Extreme high-resolution" (XHR) scanning electron microscopy (SEM) has the potential to change the way we look at SEM. Anyone in the SEM world knows that you don't do high-resolution SEM at low accelerating voltages because of chromatic aberration limitations. The XHR design offers a new way to deal with chromatic aberration and realize the huge benefit of reduced beam penetration.
Each technique has its own benefits -SEM generally has simpler sample preparation, and lends itself to high-throughput imaging of cleaved sections and of complex 3D surfaces, while S/TEM offers atomic level imaging and chemical analysis, unmatched by SEM, but requires much more sample preparation and is not well suited to inspecting 3D surface features. Therefore, it is to be expected that both XHR SEM and S/TEM will become more prevalent and critical with the progression to each new, smaller technology node. Figure 2 shows an XHR SEM application, where a deprocessed sample has been stripped back to the poly-silicon level. Here the benefits of using XHR SEM to inspect the complex 3D surfaces created are apparent -the sample can be navigated around at lower magnification ( Fig. 2a) and then areas of interest can be zoomed into ( Fig. 2b and c) to observe the intersection of various layers. The flexibility of the XHR SEM to tilt and rotate enables multiple viewpoints to be used. With the advent of FIN-FET and similar 3D gate structures in future nodes, these kinds of needs will only increase. Similarly, SEMs have historically been used to inspect multiple cleaved samples in cross-section, or image samples top down (Fig. 3) . To achieve the throughput needed for these applications, it is important to be able to mount multiple samples into the system and to avoid having to perform excessive sample preparation just to make the sample small enough to fit onto the stage.
Just as semiconductor and data storage manufacturers are well into the nanotechnology realm, the research community is also driven by a need for new ways to investigate nanoscale materials, such as nanoparticles (Fig. 4) , nanowires and nanotubes, interfaces between materials, and details of surface processes. XHR SEM offers new and different information that is often complementary to that obtained by S/TEM, atomic force microscopy (AFM), atom probes and other high-resolution analytical techniques. 
Low Voltage Performance
Resolution in an SEM is controlled ultimately by the size of the excitation volume from which the imaged signal originates. This, in turn, is determined by the size of the spot formed where the beam intersects the sample surface, and the distance beam electrons penetrate into the sample as they spend their energy in signal-generating interactions with local atoms. Beam penetration is easily reduced by decreasing beam energy (Fig. 5 ), but in a conventional SEM, the gain from reduced penetration is negated by increased spot size at beam energies below a few keV.
The deterioration in spot size at low energy results from chromatic aberration in the lenses used to focus the electron beam [2] . It causes electrons of different energies to focus at different distances-entirely reasonable since the focusing force exerted on the electron by the magnetic field of the lens is directly proportional to the electron's velocity. The effect of chromatic aberration on spot size is determined by the fractional energy spread-a measure of the variability among individual electron energies relative to overall beam energy. Even a few eV of variability has relatively little effect on the trajectories followed by 30 keV electrons through the magnetic field of the focusing lens. But the same level of variability becomes increasingly significant as beam energy decreases, eventually limiting the minimum size of the spot into which the electrons can be focused when balanced against the beam diameter resulting from diffraction through the beam limiting aperture.
The tremendous potential for improved performance over a broad range of SEM applications that would accrue from a breakthrough in low-voltage resolution became a primary driver in the Magellan development program, and is a cornerstone in the definition of the new XHR performance category the system has established.
The system's low-voltage solution begins with fundamental choices about the lens configuration and electron source. The adverse effects of chromatic aberration can be reduced by decreasing the focal length of the lens (for an electromagnetic lens that means increasing the lens current / field strength / optical power). In a typical, conically shaped SEM objective lens, the focusing field lies enclosed within the lens and the minimum usable focal length corresponds to the minimum distance from the pointed tip of the lens to the specimen. This distance defines the minimum focal length at which the lens can operate (i.e. the closest the specimen can come to the field) SEM objective lens performance is physically limited by the construction of the lens. An SEM optimized for low voltage performance needs to be able to operate at the shortest possible focal length. Generally, this requires a type of lens known as an immersion lens: the sample is immersed in the lens field, which is external to the lens structure. A variety of lens designs are in use, some of which can be operated in either conventional or immersion mode. It is important that the lens assembly does not restrict the flexibility and broad applicability that are fundamental to SEM's enduring value and popularity. The XHR SEM combines immersion capability with a highly flexible lens and chamber configuration that still allows for large or multiple samples, and a wide range of sample tilt angles.
The choice of electron source also affects low-voltage performance. For example, a Schottky field emission source provides a fivefold reduction in energy spread (0.6 -1.0 eV) compared to a tungsten filament, as well as an immediate and commensurate reduction in the minimum useful accelerating voltage (where chromatic aberration begins to limit performance) to a few hundred volts. Cold-field emitters have an even narrower energy distribution (0.25-0.35 eV) but that benefit is offset by their instability, limited current capacity, high-vacuum requirements, vulnerability to contamination, and need for frequent "flashing" to restore the condition of the emitter tip.
The most innovative aspect of the electron column is its patented UniColore (UC) technology. In UC mode the beam is energy dispersed and focused through a small aperture that eliminates the most extreme c o m p o n e n t s of the energy distribution, resulting in a beam with an energy spread of less than 0.2 eV. Figure 6 shows a schematic representation of how an improved energy spread in UC mode i s b a l a n c e d against diffrac- tion to produce improved beam resolution. In addition to enabling reductions in spot size, UC mode also reduces the intensity of the beam "tails", further enhancing contrast and image quality. The abundant current delivered by the Schottky emitter and the efficient design of the gun ensure ample current in UC mode for the high resolution imaging applications it is intended to support. Ultimately, UC mode results in a beam that has an energy spread less than that of a cold field emitter but still retains the robust stability and other benefits of the Schottky source. In addition, UC mode is implemented as a simple push button operation and so its benefits are gained without the complexity of aberration correctors or similar approaches to performance improvement [3] . In high-current applications, UC mode is automatically switched off, instantly restoring the gun to its normal operating capability.
Figure 4: This series of images illustrate the XHR SEM capabilities of the Magellan on Pt catalyst nanoparticles. Magellan allows the jump from traditional UHR magnifications (a) to a million plus magnification (b) at 1kV, where individual nanoparticles are nicely visible. Highly-resolved images are obtained both at very low energies for highly sensitive surface information (c), and very balanced material and topographic information (d).

Traditional SEM Capability
While extending SEM imaging capability into the XHR realm, the Magellan sacrifices none of the traditional advantages of SEM in speed, flexibility, ease-of-use, minimal sample preparation, analytical capability, prototyping and much more. Its large specimen chamber easily accommodates a fully-automated 5-axis stage offering 0.5 µm precision over 100 mm of x/y travel. The accuracy of the stage's piezoceramic drives is a critical component of the eucentric tilt capability, allowing users to explore different viewing perspectives quickly without losing sight of the object. Its electrostatic scanning is fast and accurate at all beam currents and accelerating voltages and eliminates the hysteresis inherent in scanning coils. Provision for a beam blanker at a fixed cross over position enables fast blanking without tailing or streaking for lithographic and nanoprototyping applications.
A variety of detectors is available to support complex imaging operations. Secondary detection for topographic contrast and high-resolution applications is provided by an in-chamber Everhart-Thornley detector and a highly efficient in-lens detector. An in-lens backscatter mode and a solid state backscattered electron detector mounted under the pole piece provide compositional (z-contrast) imaging. A unique low voltage, high contrast detector (vCD) designed to increase detection efficiency for the low-energy backscattered electron generated by low-voltage microscopy is particularly useful in conjunction with beam deceleration to tune image contrast for specific applications.
Beam deceleration, which applies a negative bias to the specimen, permits imaging with beam landing energies (accelerating voltage minus decelerating voltage) as low as 50 eV. The deceleration field acts as an additional electrostatic lens, reducing spot size further -with the improvement in spot performance becoming greater as the landing energy is reduced [4] . The decelerating bias can also be used to enhance and manipulate image contrast by accelerating secondary and backscattered electrons toward the vCD detector. Figure 7 shows an Au-on-C image taken using UC mode at a beam landing energy of 200 eV (1 kV of beam deceleration). It is observed that at 200 eV the gold and carbon contrast levels are much more similar to each other than is the case at 1 keV and above (compare to Fig. 1 , where the gold signal is much greater than the carbon one). This change in contrast hints at the valuable image information that can be obtained by observing the same sample under a variety of beam energy conditions at high resolution.
The best optical design in the world cannot deliver its promised performance unless the supporting platform provides sufficient internal stability and resistance to external interferences. As the maker of Titan TEMs, the world's most powerful commerciallyavailable microscopes, FEI probably understands these platform requirements better than most. In fact, the Magellan uses the same constant power lens technology developed for the Titan TEM, which permits changes in the electron optical power of the lens without changing the power dissipation of the lens, a change that might otherwise bring work to a halt while the system came to a new thermal equilibrium. Electron microscopes can be exquisitely sensitive vibration detectors and the most solid column in the world is worth little if the stage and sample are dancing around beneath it. The system's 5-axis piezoceramic stage combines rock solid stability with 0.5 micrometer positioning precision over 100 mm of travel. The column is also double shielded to reduce the effects of external sources of electromagnetic radiation on the electron beam.
The new XHR SEM is designed for optimal throughput and productivity with an optional automated loadlock. The large stage and flexible sample holders can accommodate up to 40 cleaved cross section samples at a time. An integrated plasma cleaner and liquid nitrogen cold trap maintain pristine conditions in the sample chamber and reduce the effects of sample generated contamination on image quality.
Conclusion
XHR SEM takes current high-resolution SEM applications and pushes them into a new regime of sub-nm resolution at low beam energies. For semiconductor and data storage manufacturers, this means continuing to use SEM for more node shrinks than was previous thought possible. For the researcher, it opens up exciting imaging possibilities for nanoscale structures, providing new and complementary information to that obtained by S/TEM, AFM and similar techniques.
